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Edited by Robert B. RussellAbstract In the RasÆRasGAP complex, hydrolysis of guanosine
triphosphate is strongly accelerated GAP as compared to Ras
alone. This is largely attributed to the arginine ﬁnger R789GAP
pointing to AlFx in the transition state analogue. We performed
QM/MM simulations where triphosphate was treated using the
quantum mechanical method of density functional theory, while
the protein complex and water environment were described clas-
sically using MD. Compared to Ras, the crucial electron shift,
bond stretching and distortion towards an eclipsed c-to-b orien-
tation are much more pronounced. The arginine ﬁnger is shown
to act by displacing water out of the binding niche. The resulting
enhanced electrostatic ﬁeld catalyses the cleavage step.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The GTPase Ras p21 is a crucial switch in cellular signal
transduction [1]. In ON state the substrate guanosine triphos-
phate (GTP) is bound to the enzyme Ras; in OFF state guano-
sine diphosphate (GDP) is bound. Ras is deactivated by GTP
hydrolysis to GDP and Pi. The bond between Pc and O3b of
GTP is cleaved by nucleophilic attack of a water molecule
which binds at the c-phosphate [2]. Activated Ras interacts
with eﬀector proteins, transmitting, e.g. the cell growth signal
to the nucleus [3]. The GTPase-activating protein (GAP) dock-
ing to Ras accelerates GTP hydrolysis by a factor of 105 and
thus regulates the process [4]. Inactive Ras is reactivated by
a guanine exchange factor (GEF) catalysing the exchange of
GDP by GTP.
The hydrolysis reactions of Ras and RasÆRasGAP have been
investigated by time-resolved Fourier transform infrared
(tr-FTIR) diﬀerence spectroscopy [5–10]. FTIR spectra of the
substrate GTP show remarkable changes when the substrate
binds to Ras in comparison to experiments in water. The addi-
tion of RasGAP provides only minor changes in the GTP spec-
trum. The results were interpreted as caused by electron charge
shift towards the b-phosphate due to enzyme binding, i.e. a
charge distribution close to the product state [8,11]. This seems
to be a common feature of proteins of the Ras superfamily, as*Corresponding author. Fax: +49 234 3214626.
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complex demonstrate a similar behaviour [12].
Several groups have investigated GTP hydrolysis by QM
and combined QM/MM calculations. Warshel and co-workers
[13] found by applying the empirical valence bond (EVB)
method to diﬀerent phosphate monoester di-anions in solu-
tions and proteins that a slightly more associative pathway is
preferred in the protein-environment [14]. Their energy proﬁles
are comparable to experimental data [15]. Grigorenko et al.
have analysed the energy barriers of dissociative GTP hydroly-
sis in water [16], bound to Ras [17] and to RasÆRasGAP
[18,19]. They observed a stretching of the Pc-O3b bond in
RasÆRasGAP compared to Ras and impairment of catalysis
by the mutation R789L. The change of their charge distribu-
tion of the triphosphate group of GTP in Ras and RasÆRas-
GAP is comparable to the charge distribution determined by
Kla¨hn [20]. Futatsugi et al. showed that K16Ras plays a key
role for the molecular switching mechanism in Ras [21,22]
and Gia1 [23].
We investigated the inﬂuence of Ras and RasÆRasGAP on
the substrate GTP in the reactant state by QM/MM calcula-
tions. In a previous study QM/MM simulations were per-
formed of Ras with a sodium ion close to c-phosphate [20].
In our analysis triphosphate is treated using a quantum
mechanical method, protein and bulk water are described by
a classical molecular mechanics (MM) force ﬁeld. We calculate
vibrational spectra of TP in harmonic approximation and
compare them with experimental data [7,8] in order to scruti-
nise the structure of the substrate under spectral control. Pro-
vided that the calculated IR spectra reproduce experimental
FTIR data within computational accuracy, we determine
charge distribution and structural details of our sampled struc-
tures. For the comprehension of the electron shift on TP, the
electric ﬁeld exerted by the protein and solvent is analysed.
We can specify the components, especially due to K16Ras,
Mg2+, R789GAP and water molecules which are directly in-
volved in varying the charge distribution. This novel approach
is suitable for explaining the catalytic action of GAP on GTP
hydrolysis.2. Methods
2.1. Applied simulation method
In addition to TP, the QM part compromises the next CH2 and a link
atomHwhich together form amethyl group [20]. For our QM/MM cal-
culations we used EGO-MMII-1-2 [24] for MD and CPMD 3.9.2 [25]
for QM. A fast multipole method combined with a reaction ﬁeld is
used for long-range electrostatics [26] in EGO. The electrostatics withinblished by Elsevier B.V. All rights reserved.
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for electrostatic interactions [27,28] and a hybrid method for exchang-
ing Coulomb interaction of the classical and quantummechanical parts
[29]. The charges of QM atoms are calculated using ESP [30]. Covalent
bonds between QM and MM are described by a scaled position link
atom method (SPLAM) [29].
For the DFT Hamiltonian, the functionals of Becke [31] and Perdew
[32] (BP86) and the pseudopotentials from Hartwigsen (HGH) [33]
were used with a cut-oﬀ of 80 Ry. The classical part of the simulation
system containing the guanosine, the protein complex, TIP3P water
molecules, and the counter ions were described by the CHARMM22
force ﬁeld [34]. The MM parameters for TP were taken from Kla¨hn
[20]. A detailed description of the applied simulation method can be
found in [20,35,36].
2.2. QM/MM simulations
Two separate simulations were performed. First, we analysed the
inﬂuence of the Ras p21 protein on GTP. Secondly, we studied the
RasÆRasGAP complex. The initial atom positions have been taken
from the protein data bank (PDB-ID for Ras: 1QRA [37], PDB-ID
for RasÆRasGAP: 1WQ1 [38]). Aluminium ﬂuoride of the RasÆRas-
GAP transition state analogue structure was replaced by a phosphate.
The hydrogen bond network was determined using the HB2 algorithm
implemented in the WHAT IF program [39]. The protein was inserted
in a rhombic dodecahedric simulation cell ﬁlled with 12578 water mol-
ecules in the case of Ras and 37315 water molecules in the case of
RasÆRasGAP. 39 Na+ and 32 Cl ions were added to the Ras and
111 Na+ and 97 Cl ions to the RasÆRasGAP system in order to obtain
a natural salt concentration of 155 mmol/l and an electric neutral sim-
ulation cell (see Fig. 1 for the RasÆRasGAP simulation system and
Fig. 2 for a detailed view of the substrate and its environment). The
systems were energy minimised, heated and equilibrated for 1000 ps.
Subsequently, a free MD simulation was executed for 500 ps with aFig. 1. The rhombic dodecahedric simulation cell of the equilibrated RasÆRa
yellow, chloride in green, the substrate GTP in ball and sticks. The whole stime step of 1 fs at a temperature of 300 K. Six Ras snapshots, respec-
tively seven RasÆRasGAP snapshots, were taken from the MD runs as
starting points for QM/MM calculations in the ground state.
For each snapshot, QM/MM trajectories with a step size of 0.25 fs
were computed for 150 fs at a temperature of 300 K. Structural details
and charge distribution were derived by averaging the last 500 integra-
tion steps of these trajectories. The ﬁrst 100 steps are neglected in order
to let the system relax after changing the force ﬁeld from MM to QM/
MM. The last structure of each snapshot is taken for a severe QM/MM
energy minimisation. The energetic minimum is the basic structure for
calculating the Hesse matrix. The eigenvalues and eigenvectors for the
IR spectrum are derived using the instantaneous normal mode analysis
(INMA). The ESP charges from the trajectories and the single spectra
are averaged over all snapshots.3. Results
The simulations were evaluated to obtain spectral and struc-
tural data suitable for verifying the quality of computations
and providing insight into the catalytic action of Ras.
We determined the IR spectra of GTP bound to Ras and to
RasÆRasGAP as shown in Fig. 3 and compared the results with
experimental data [5–9]. The modes were assigned to the mea-
sured bands by inspecting the mass-weighted normal modes.
Symmetric and asymmetric bond stretching modes involving
non-bridging oxygens are denoted by ma/s(PO2/3)a/b/c, symmet-
ric and asymmetric stretching modes with bridging oxygens
are denoted by ma/s(OPbO). The last index designates the phos-
phate group involved in PO stretch vibrations. We can assignsGAP complex. Ras is shown in cyan, GAP in orange, sodium ions in
imulation system contains 119995 atoms and has a radius of 60.0 A˚.
Fig. 2. Snapshot of the environment of the TP derived from QM/MM
simulation. Atoms of GTP that are treated quantum mechanically are
shown in ball and sticks, Ras is cyan, GAP is orange. The amino acids
K16Ras, Q61Ras and R789GAP and all water molecules in the binding
niche are shown as sticks, the magnesium ion is shown in magenta. In
the nucleophilic attack the water molecule approaches the c-phosphate
from the left by directing its oxygen.
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torsion twisting, but these modes have not yet been identiﬁed
by FTIR measurements. The relative deviation of our band
positions of 3.2% is within the computational accuracy of
DFT.
Structural deviations can be identiﬁed clearly in calculated
spectra as the bands are up or down shifted. For instance, ifFig. 3. IR absorption frequencies calculated for Ras (left columns) and RasÆR
are shown on the left-hand side of the columns, the measured frequencies are
[5] and Allin [7], FTIR data for RasÆRasGAP is taken from Allin [8] and Ko¨tt
side of the columns. The additional ma(PO2)b, marked by *, is discussed in tthe water molecule between the amino group of R789GAP
and Pa is omitted and a direct hydrogen bond between
R789GAP and O2a is formed, the ma(PO2)a band is blue shifted
from 1256 cm1 to 1341 cm1 (see Fig. 2).
To quantify if our QM/MM trajectories are suﬃciently
equilibrated, we compare the slowest bands, the ma/s(OPbO)
bands, with experimental ones. If the quantum box is not in
equilibrium, the angle stretching vibrations will be blue shifted
as the distances inside the triphosphate backbone are too
short. We clearly see that our angle stretching vibrations are
very close to the experimental ones and thus our quantum
mechanically treated subsystem is equilibrated.
Using FTIR measurements, two ma(PO2)b vibrations at
1217 cm1 and 1140 cm1 were identiﬁed in the RasÆRasGAP
complex. As mentioned above, the lower band at 1140 cm1 is
being discussed [10]. Nevertheless, we could reproduce this
second asymmetric b-band by deprotonating K16Ras and
protonating O1b of b-phosphate. In this case, the calculated
asymmetric b-band at 1188 cm1 disappears and a new band
appears at 1124 cm1. The red shift of 64 cm1 is signiﬁcantly
larger than the computational accuracy and comparable to the
experimental red-shift of 77 cm1. Likewise, the protonation
of b-phosphate leads to a red-shift of the symmetric b-band
from 1046 cm1 to 900 cm1. This shift has not been observed
by FTIR, probably because symmetric vibrations have a weak
intensity. The idea of a shared proton between K16Ras and O1b
has been discussed by Futatsugi [22] and Cavalli [40]. We will
present our detailed analysis of indications of a shared proton
due to a low energy hydrogen bond elsewhere. Its possible
occurrence does not inﬂuence our conclusions in this publica-
tion.
In Table 1, we compare the structural details of TP in Ras
and RasÆRasGAP. The values are double averages over theasGAP (right columns). The values calculated with the INMA protocol
shown on the right-hand side. FTIR data for Ras is taken from Cepus
ing [9]. The assignment of types of vibrations are given on the left-hand
he text.
Table 1
Calculated structural details of the TP bound to Ras and RasÆRasGAP
Distance (A˚) Pc–O1c Pc–O2c Pc–O3c Pc–O3b
Ras 1.52 ± 0.03 1.55 ± 0.04 1.55 ± 0.03 1.76 ± 0.06
RasÆRasGAP 1.51 ± 0.02 1.54 ± 0.03 1.50 ± 0.02 1.83 ± 0.09
Distance (A˚) Pb–O1b Pb–O2b Pb–O3b Pb–O3a
Ras 1.51 ± 0.04 1.53 ± 0.03 1.62 ± 0.04 1.62 ± 0.04
RasÆRasGAP 1.51 ± 0.04 1.53 ± 0.03 1.62 ± 0.04 1.64 ± 0.05
Distance (A˚) Pa–O1a Pa–O2a Pa–O3a Pa–O05
Ras 1.49 ± 0.03 1.50 ± 0.03 1.71 ± 0.05 1.68 ± 0.05
RasÆRasGAP 1.49 ± 0.02 1.50 ± 0.02 1.68 ± 0.05 1.70 ± 0.05
Distance (A˚) O05–C
0
5 O2c–O2b Pc–Pb O2c–Mg
2+
Ras 1.46 ± 0.03 3.51 ± 0.20 3.19 ± 0.09 1.92 ± 0.04
RasÆRasGAP 1.46 ± 0.03 3.51 ± 0.19 3.26 ± 0.10 1.91 ± 0.04
Distance (A˚) O2b–Mg
2+ O1c–H
K16
3f O1b–H
K16
3f O3c–HH
R789
12
Ras 1.97 ± 0.09 1.63 ± 0.08 1.82 ± 0.11 —
RasÆRasGAP 1.97 ± 0.08 1.64 ± 0.09 1.72 ± 0.10 1.74 ± 0.10
Angle () \Pc–O3b–Pb \O3b–Pb–O3a \Pb–O3a–Pa \O3a–Pa– O05
Ras 142.7 ± 9.4 105.6 ± 5.1 125.5 ± 4.2 96.7 ± 3.3
RasÆRasGAP 143.3 ± 8.2 105.5 ± 5.8 125.3 ± 3.8 96.1 ± 2.9
Angle () \Pa–O05–C05 \O1c–Pc–O3b \O2c–Pc– O3b \O3c–Pc–O3b
Ras 119.8 ± 4.3 107.7 ± 4.2 103.9 ± 6.4 100.9 ± 4.2
RasÆRasGAP 117.6 ± 3.9 106.7 ± 4.2 101.9 ± 4.3 100.9 ± 3.8
Dihedral () O2c–Pc–O3b–Pb O2c–Pc–Pb–O2b
Ras 60.5 ± 17.2 5.5 ± 5.1
RasÆRasGAP 58.6 ± 11.6 0.6 ± 3.9
The atom names are denoted in Fig. 2. The values are double averages over the QM/MM trajectories. The distances are given in A˚, the angles and
dihedral angles are given in . The addition of GAP shows remarkable changes for a few properties. Most values are identical, but the Pc–O3b bond is
weakened and therefore the distance between Pc and Pb increases, K16
Ras is moved towards b-phosphate and the dihedral angle O2c–Pc–Pb–O2b
appears perfectly eclipsed.
Table 2
ESP charges of the TP bound to Ras and RasÆRasGAP obtained from
double averaging the QM/MM trajectories
Pc O1c O2c O3c
P
c
Ras +1.55 0.97 1.11 0.91 1.44
RasÆRasGAP +1.52 0.92 1.08 0.87 1.35
Pb O1b O2b O3b O3a
P
b
Ras +1.13 0.84 1.01 0.78 0.39 1.89
RasÆRasGAP +1.04 0.82 0.96 0.88 0.27 1.89
Pa O1a O2a O
0
5
P
a
Ras +1.35 0.77 0.80 0.68 0.90
RasÆRasGAP +1.24 0.72 0.77 0.73 0.98
C05 H
0
5 H
0
5 C
0
4
P
methyl
Ras +0.10 +0.05 +0.09 0.01 +0.23
RasÆRasGAP +0.09 +0.05 +0.07 +0.01 +0.22
The atom names are deﬁned in Fig. 2. All partial charges are given in
the unit of the elementary charge e0. The rows correspond to c-, b-, a-
phosphate and the methyl group. The last column gives the total
charge of every group. The mean ﬂuctuation is 0.04 e0.
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complex, RasÆGTP induces few remarkable changes at local-
ised properties. Most distances, bond angles and dihedral an-
gles are unchanged. Especially the distances of the non-
bridging oxygens to phosphorus and the calculated stretch
vibrations ma/s(PO2/3) are practically the same. As the agree-
ment of these vibrational bands is also observed in FTIR
experiments, we must conclude that the PO distances do not
change much when going from Ras to RasÆRasGAP.
However, GAP weakens the crucial bond between Pc and
O3b which is hence elongated from 1.76 A˚ in Ras to 1.83 A˚
in RasÆRasGAP. Also the distance between Pc and Pb increases
from 3.19 A˚ in Ras to 3.26 A˚ in RasÆRasGAP. The distance be-
tween K16Ras and b-phosphate is shortened from 1.82 A˚ in
Ras to 1.72 A˚ in RasÆRasGAP. The dihedral angle O2c–Pc–
Pb– O2b changes from 5.5 in Ras to an almost perfectly
eclipsed conformation of 0.6 in RasÆRasGAP. Our results
reproduce the trend of the enzyme action on structural details
of Kla¨hn et al. [20] and Grigorenko et al. [17].
Next, we take a detailed look at the charge distribution of
TP (see Table 2). We used ESP partial charges for all atoms
of TP. The two oxygens O2c and O2b directing towards the
magnesium ion have slightly more negatively charged than
the other oxygens of c- and b-phosphate interacting with
K16Ras and R789GAP. Negative charge accumulates at O3b.
The total charge of b-phosphate has the same value in Ras
and RasÆRasGAP. The addition of GAP leads to a more pos-
itively charged c- and a more negative charges a-phosphate.
The methyl group shows no change when GAP is added tothe RasÆGTP complex. This was also observed by Grigorenko
et al. [17] although their charge distribution seems to be too
polar for describing a correct interaction with the surrounding
atoms treated classically. Our partial charges correspond to
those of Kla¨hn without taking the putative sodium ion into
consideration [20].
Table 3 shows an enhanced shift from c- to b-phosphate of
0.25 e0 in the RasÆRasGAP complex in comparison to Ras
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Fig. 4. Computed inﬂuence of Ras and RasÆRasGAP on the reaction
pathway. By deﬁning a reaction coordinate R1 as the distance between
Pc and O3b and R2 as the distance between Pc and the nucleophilically
attacking water molecule (see [14]), we see that Ras (1) is moving the
reaction coordinate R1 of the reactant state (RS) towards the product
state (PS). The change of R2 was not considered. In the RasÆRasGAP
complex (2), R1 is even more forced towards the PS. In both cases, the
ground state of the complexes comes closer to a transition state.
Fig. 5. Sample-averaged electrostatic forces from the MM environ-
ment onto electrons in the c-and b-phosphate of TP in Ras (a) and
RasGAP (b). The vectors were projected onto the connecting line
between the phosphates and equally scaled for both cases. The
contribution of K16Ras is shown in cyan, of Mg2+ in magenta, of
R789GAP in orange and of all other protein and solvent atoms in green.
The inﬂuence of R789GAP is negligible. The contributions of Mg2+ and
K16Ras are identical in Ras and RasGAP, only the solvent contribu-
tion is diﬀerent. Hence, the increment in the driving force for the
electron shift from c to b is solely due to elimination of water from the
binding niche by GAP.
Table 3
The total charges of c-, b-, a-phosphate and the methyl group are given
in the unit of the elementary charge
Pc Pb Pa Methyl
GTP solvent 1.60 1.48 1.02 +0.10
Ras 1.44 !0:16 1.89  0:25 0.90  0:13 +0.23
RasÆRasGAP 1.35 !0:25 1.89  0:16 0.98  0:12 +0.22
The direction of the electron shifts is indicated by the arrows. The
magnitude of the shifts is shown by the values above the arrows. The
mean ﬂuctuation is 0.04 e0.
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from a- to b-phosphate when GAP is absent (0.25 e0 in Ras
and 0.16 e0 in RasÆRasGAP). The observed electron shift from
c- to b-phosphate is a precondition for weakening the bond be-
tween Pc and O3b. In both complexes the charges’ distributions
of a-b-phosphate are already close to the charge distribution of
the product state.
The enzyme-substrate complex RasÆGTP forces the reactant
state of TP towards a transition state. The interaction with
GAP consolidates the eﬀect [14]. This is illustrated in Fig. 4
by considering two reaction coordinates, R1 as the distance be-
tween Pc and O3b and R2 as the distance between Pc and the
nucleophilically attacking water molecule. Ras and even more
RasÆRasGAP drive the ground state of TP closer to a transi-
tion state. The change of the charge distribution supports this
observation. Our simulations have not reached any transition
state as the setup does not aim to reproduce the complete reac-
tion pathway of hydrolysis.
Primarily, the observed changes have to be attributed to the
modiﬁcation of the electrostatic ﬁeld by forming a complex
with GAP. We analysed in detail the inﬂuence of surrounding
atoms onto the electric ﬁeld inside the quantum box, especially
the role of the positively charged arginine ﬁnger. We calculatedthe electric ﬁeld vectors at the positions of the QM atoms
induced by all surrounding MM atoms of the protein and sol-
vent. The intramolecular interaction of the QM atoms was
omitted in order to obtain the inﬂuence of the environment
on the substrate. The electrostatic ﬁeld vectors at the position
of the nuclei were calculated for each energy-minimised QM/
MM structure and averaged over all snapshots. For compari-
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the atoms of the respective phosphate group, the force on elec-
trons is calculated as F = E Æ e0, and projected onto the con-
necting lines between c- and b-phosphorus atoms. The
projections discussed below are in the nano Newton range with
errors <1 nN. We can separate all components forming the
electric ﬁeld. The contributions of the magnesium ion,
K16Ras, R789GAP and the protein-water-environment to the
full force vector are shown in Fig. 5. As the electric forces
at a-phosphate are negligible, the focus is placed on b- and
c-phosphate.
The electrostatic force on electrons of c-phosphate tends to
shift them towards b-phosphate in Ras and RasÆRasGAP and
originates mainly from Mg2+ and to a lesser extent from
K16Ras. The forces from Mg2+ (4 nN) and K16Ras (1 nN) are
identical in Ras and RasÆRasGAP. The two ions also exert a
somewhat smaller electrostatic force in the opposite direction
from b-towards c-phosphate as they are located between the
phosphates. According to Kla¨hn [14], the net shift from c- to
b-phosphate in Ras is essentially due to the excess charge on
c. Note that at either phosphate a small opposite force occurs
which derives from other partial charges.
In the RasÆRasGAP complex, the contribution of R789GAP
which intrudes the binding niche is negligible at the c-phos-
phate and small (0.5 nN) at the b-phosphate. The crucial dif-
ference to Ras is the elimination of water dipoles from the
binding niche. Whereas four to six water molecules are in di-
rect contact to c- and b-phosphate in Ras, only one is found
in the RasÆRasGAP complex. Three conserved structural water
molecules near the magnesium ion and the a-phosphate are
found in both complexes (see Fig. 2).
The waters in Ras exert a force of 1.0 nN at every phos-
phate group. Based on the above argument, these forces hinder
the functional charge shift and hold the electrons on the
c-phosphate in place, see Fig. 5 top. Thus, water weakens
the eﬀect of the charges present in the binding niche.
In RasÆRasGAP, however, the electrostatic forces are not
obscured by water. Fig. 5 bottom shows a stronger net force
(4 nN instead of 3 nN) at the c-phosphate which explains the
larger shift of electron charge away from c-and towards b-
phosphate. At the b-phosphate, the missing water inﬂuence re-
veals a small force from the protein environment that holds
electrons in place there and augments the shift. Here, the total
force is 3.3 nN instead of 3.9 nN.Fig. 6. In the binding niche of Ras (top) the triphosphate is covered by
solvent from one side below P34Ras and Y32Ras. The water molecules
displaced by GAP, especially by R789GAP, are shown in dark blue. The
remaining four water molecules (two waters coordinated at Mg2+, one
water at a-phosphate and the nucleophilically attacking water) are
shown in cyan. In the RasÆRasGAP complex (bottom) the arginine
ﬁnger (shown in yellow spheres) eliminates all but one water molecule
from c- and b-phosphate. RasGAP (in orange) covers the binding
niche.4. Discussion
For hydrolysis of GTP to occur, two separate processes
must take place: the Pc–O3b bond must be cleaved and a water
molecule must bind to Pc via nucleophilic attack. Model calcu-
lations [14] indicate almost equal barriers for both processes in
solvent. This implies that either step is optimised on the way
from solvent via Ras to RasÆRasGAP conditions where hydro-
lysis occurs at the highest rate. Here, we have conﬁned our-
selves to the reactant state of the cleavage step. Other groups
analysed the complete GTP hydrolysis pathway using approx-
imate methods [14] or considering a protein substrate fragment
[19] instead of the whole RasÆGTPÆRasGAP complex in sol-
vent investigated here. In view of optimal evaluation of the
Coulomb interaction, we used the FAMUSAMM algorithm
[26–28], which eliminates cut-oﬀ artefacts.For the comprehension of the cleavage step, we performed
QM/MM calculations on GTP in Ras and RasÆRasGAP with
solvent and ﬁrst calculated IR spectra of TP. The measured
IR data are very sensitive to structural and charge details.
Therefore, they provide an ideal check for the quality of com-
putations. We verify our calculated data with the experimental
data [5–9]. The TP was treated quantum mechanically. The
evaluations focussed on its changes in structure and charge dis-
tribution when going from Ras to RasÆRasGAP. The half-
open binding niche of RasÆGTP is not deformed by docking
GAP and imposes no particular steric conditions on the sub-
strate. Therefore, electrostatic forces are the main cause for
the observed changes and the improved catalysis.
The most conspicuous implication is the further decrease of
charge on the c-phosphate by 0.9 e0 when going from Ras to
RasÆRasGAP, at constant charge on the b-phosphate. This
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[17] despite the diﬀerent theoretical approach and is similar
to those of Kla¨hn et al. [20]. It indicates a further approach
of the charge distributions to those of transition and product
state which are known approximately [14]. As a consequence,
we ﬁnd that the Pc–O3b bond to be cleaved later and the Pc–Pb
distance are already stretched by about 0.1 A˚. Fig. 4 demon-
strates the approach to the product state without anticipating
a particular sequence of events (dissociative vs. associative).
Obviously, the structural changes are accompanied by an in-
crease in free energy of GTP as it is transferred to a less prob-
able geometry. This was previously shown by comparison of
the eclipse angle of Pc–Pb in solvent and Ras [20]. In RasÆRas-
GAP, we ﬁnd a nearly perfectly eclipsed conformation is part
of a non-speciﬁed high-energy state. This is explained by the
enhanced electrostatic interaction of magnesium with phos-
phate oxygens.
In the transition state of RasÆRasGAP, the arginine ﬁnger
points into the binding niche and therefore is proposed to be
responsible for the enhanced catalysis (105) [4]. It was sug-
gested frequently that it acts via the arginine charge pointing
to the TP to be cleaved [8]. Furthermore, it orients Q61Ras
and positions the attacking water molecule [38]. Substitution
by alanine or lysine greatly reduces the rate enhancement by
a factor of 5000 [41]. Only the arginine ﬁnger perfectly ﬁts into
the binding pocket.
The main result of our investigation is the negligible contri-
bution of the R789GAP positive charge to the electric ﬁeld at
the phosphate positions. The charge helps to anchor arginine
in the niche. The catalytic eﬀect, however, is due to displace-
ment of solvent.
In Ras, the binding niche is half-open, P34Ras and Y32Ras
being too far away to serve as a tight lid, see Fig. 6 top. Four
to six water molecules are in contact with c and b-phosphate,
thus making up 84% of the electrostatic solvent ﬁeld, the 13–14
waters of the second shell contribute 16%. The waters bear a
mean orientation due to the ionic charges, their ﬁeld is a reac-
tion ﬁeld which of course weakens the ion ﬁeld in the niche and
can lower the reaction rates [42]. Only in RasÆRasGAP are the
unperturbed full electrostatic forces exerted by Mg2+ and
K16Ras able to catalyse the cleavage step of hydrolysis.5. Conclusion
The large acceleration of GTP hydrolysis in Ras by docking
the activator protein GAP implies optimisation of two steps,
cleavage and nucleophilic attack. GAP introduces a charged
arginine ﬁnger into the binding niche. Our comparative simu-
lation study of the reactant state of GTP in Ras and RasÆRas-
GAP reveals clear eﬀects altering the substrate towards the
transition and product state. At the cleavage step, GAP acts
not by the charge of its arginine ﬁnger, but by eliminating all
solvent molecules but one from the active site. Only as a com-
plex do Ras and GAP form the perfect binding pocket for
GTP with optimal electrostatic forces.Acknowledgements: The authors would like to thank the Deutsche
Forschungsgemeinschaft (Project SCHL 127/7) and SFB642 for ﬁnan-
cial support and the NIC Ju¨lich for providing computing time. They
are grateful to C. Ko¨tting for many helpful discussions. All molecular
images were produced with PyMOL [43].References
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